Materials and Methods

Cell Preparation
We used cultured A10 cells, a vascular smooth-muscle cell line that was originally derived from embryonic rat thoracic aorta. The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) plus 10% fetal calf serum, 100 U/ml penicillin, and 100 g/ml streptomycin. The cultures were maintained at 37˚C in a humidified atmosphere of 5% CO 2 . The cells were routinely cultured at a split ratio of 3:1 and were passaged weekly, with cells from passages 4 to 10 being used for this study. Their viability was examined using trypan blue dye exclusion. Cells were plated on glass coverslips for use in this study.
Preparation of Hemoglobin
Oxyhemoglobin and methemoglobin were prepared as described previously. 18 Bovine hemoglobin Type 1 is a mixture of ferrous hemoglobin and its oxidized derivative methemoglobin. An oxyhemoglobin solution was prepared by adding a 10-fold molar excess of sodium dithionite to 1 mM hemoglobin in distilled water. Methemoglobin was produced by oxidation of hemoglobin with 2 mM K 3 Fe(CN) 6 . Either reagent was removed by dialysis against 1000 vol of distilled water for 2 hours at 4˚C. Aliquots of the hemoglobin solutions were stored frozen for no more than 2 weeks and their purity was determined on spectrophotometric studies. 34 
Xanthine Oxidase Treatment
Smooth-muscle cells were exposed to oxidants generated by 200 M xanthine plus 2 mU of xanthine oxidase. Xanthine oxidase activity was determined by spectrophotometrically measuring the conversion of 200 M xanthine into urate at 30˚C, monitoring the increase in A 295 by using a millimolar absorption coefficient of 12.3 mM
. One unit of activity was defined as the amount of xanthine oxidase that produced urate at 1 mol/minute at 30˚C. In some experiments, 40 g/ml bovine erythrocyte superoxide dismutase (SOD) and 40 g/ml bovine liver catalase were added to the xanthine/xanthine oxidase system. The concentration of catalase and SOD added to the cultures totally inhibited hydrogen peroxide formation and cytochrome c reduction, respectively. Generation of superoxide anions in this system was measured by monitoring the SOD-inhibitable reduction of ferricytochrome c at 550 nm. 5 The amount of superoxide anions produced by autoxidation of oxyhemoglobin to methemoglobin was almost equal to that produced enzymatically by xanthine (200 M)/xanthine oxidase (2 mU).
Synthesis of Glutathione Monoethyl Ester
Glutathione monoethyl ester (GSH-ME) was prepared as a hydrosulfate salt according to the method of Campbell and Griffith. 2 The purity of the product was determined using thin-layer chromatography. After development with ninhydrin reagent, the spots corresponding to GSH, GSH-ME, and GSH diethyl ester (GSH-DE) were scraped off the plates and dissolved in 1 ml of ethanol, and then the absorption at 570 nm was determined. The initial GSH-ME preparation contained 91% GSH-ME, 9% GSH-DE, and a trace amount of GSH. To further purify GSH-ME, GSH and its esters were derivatized with 2 mM orthophthalaldehyde and separated by reverse-phase high-performance liquid chromatography (HPLC) on a 10-m octadecyl silica column (10 ϫ 350 mm) according to the method of Neuschwander-Tetri and Roll. 21 The mobile phase consisted of 0.15 M sodium acetate (pH 7) containing 7.5% (volume/ volume) methanol and the derivative was detected fluorometrically (emission at 420 nm and excitation at 340 nm). The elution times of GSH, GSH-ME, and GSH-DE were 8.5, 21.3, and 32 minutes, respectively. The eluate containing only GSH-ME was collected at approximately 21 minutes and evaporated to dryness.
Measurement of [Ca
++ ] i Levels
The [Ca ++ ] i level was measured using the fluorescent Ca ++ indicator fura-2. Cells were loaded with the indicator by exposure to serum-free DMEM containing 5 M fura-2 acetoxymethyl ester in darkness for 30 minutes at 37˚C, then rinsed to remove all extracellular dye. Fura-2-loaded smooth-muscle cells growing on coverslips were transferred to a chamber containing 2 ml of serum-free DMEM that was mounted on the stage of an inverted microscope. Addition of test substances was accomplished by rapidly exchanging all of the buffer in the chamber for fresh buffer containing the required agent. Using a photomultiplier tube, fura-2 fluorescence was excited at 340 and 380 nm and recorded at 510 nm from the central region (approximately 10 m in diameter) of a single cell. 8 Autofluorescence of cells not loaded with fura-2 was subtracted in each experiment.
Measurement of Nitric Oxide Radicals
As markers of nitric oxide (NO) formation, the NO 2 Ϫ and NO 3 Ϫ concentrations in the culture medium were determined by HPLC with an anion exchange column (6-m particle size). 31 The culture medium was deproteinized and neutralized, after which the precipitate was removed by centrifugation. Ten microliters of the deproteinized supernatant was subjected to chromatography at 35˚C by using a mobile phase of 2.5 mM KH 2 PO 4 /1 mM K 2 HPO 4 at a flow rate of 1.2 ml/minute, and the column effluent was monitored at 210 nm. 31 
Sources of Supplies and Equipment
The A10 vascular smooth-muscle cells were obtained from American Type Culture Collection, Bethesda, MD. The bovine hemoglobin Type 1 and the SOD were acquired from Sigma Chemical Co., St. Louis, MO. The xanthine oxidase was purchased from Wako Pure Chemicals, Tokyo, Japan. The bovine liver catalase was obtained from Boehringer Mannheim, Mannheim, Germany. The reverse-phase HPLC equipment (model LC-6AD) was purchased from Shimadzu, Kyoto, Japan, and the inverted microscope (model LSM) from Nikon, Tokyo, Japan. The anion exchange column (TSK-gel IC-Anion-PW XL ) was obtained from TOSOH Corp., Tokyo, Japan.
Results
As shown in Fig. 1 (Fig. 4A) , and the subsequent addition of 10 M oxyhemoglobin caused no further elevation (Fig. 4B) . The addition of a thiol (1 mM GSH-ME) or a thiol-reducing agent (0.4 mM dithiothreitol [DTT]) caused a marked reduction in the peak oxyhemoglobin-induced increase in [Ca ++ ] i (Fig. 5) . The proportion of viable cells was not altered by incubation with and without 10 M oxyhemoglobin for 1 hour (98 Ϯ 6.2 and 97 Ϯ 7.3, respectively; p = not significant).
There was no marked difference of the NO 2 Ϫ and NO 3 Ϫ concentrations in the culture medium of vascular smoothmuscle cells with or without exposure to 10 M oxyhemoglobin (data not shown).
Discussion
Changes in Cytosolic Ca
++
The pathogenesis of cerebral vasospasm after SAH is poorly understood, and there is currently no effective therapy for its prevention or reversal. It is generally accepted that oxyhemoglobin produced during hemolysis of subarachnoid blood clots is a likely mediator of vasospasm. The hemoglobin concentration that may develop at the site of vasospasm is difficult to estimate. It has been reported that the oxyhemoglobin level in the cerebrospinal fluid of patients 7 and 11 days after bleeding from an aneurysm is greater than 10 Ϫ5 M. 36 Total hemoglobin concentrations in cerebrospinal fluid exceeding 10 Ϫ5 M have also been reported up to 17 days posthemorrhage. 10 These data indicate that it is reasonable to suppose that oxyhemoglobin might reach a concentration of nearly 10 Ϫ5 M (the concentration used in this study) at the surface of the cerebral vessels.
Several reports have shown that oxyhemoglobin causes contraction of vascular smooth-muscle accompanied by significant elevation of [Ca ++ ] i . 29, 34, 35 It is now generally believed that the major mechanism of vascular smoothmuscle contraction is regulated through binding of Ca ++ to calmodulin and binding of the Ca ++ -calmodulin complex to the catalytic subunit of myosin light-chain kinase (MLCK), followed by myosin light-chain phosphorylation that permits activation of myosin ATPase by actin. ] i after addition of oxyhemoglobin to smooth-muscle cells. Although the results obtained from single cells cannot be applied directly to in vivo conditions, the long-lasting contraction observed in the clinical setting is not explained by our findings alone. Nishizawa, et al., 22 reported that the in vitro tonic contraction of fresh canine basilar rings induced by some agonists was activated by a transient Ca ++ /calmodulin/MLCK system, but was maintained by a diacylglycerol-protein kinase C (PKC) system. They suggested that long-lasting contraction is dependent on the PKC system, but that initiation of the contraction by the Ca ++ /calmodulin/MLCK system is necessary before the subsequent PKC-dependent tonic contraction can occur. Some authors have reported that phosphorylation of myosin light chains induced by the Ca ++ -calmodulin system is only observed in the early period after exposure to blood 9 and some agonists. 24 Therefore, sustained tonic contraction is probably mediated by PKC and other unknown processes.
It is impossible to exclude the possibility that the hemoglobin we used was contaminated by traces of endotoxin, 20 hemin, 15 phospholipids, or other spasmogens. However, the contribution of such contaminants to the observed results appears to be negligible, because methemoglobin produced by oxidation of hemoglobin showed no effect on [Ca ++ ] i in vascular smooth-muscle cells. 
Oxyhemoglobin and Reactive Oxygen Intermediates
Role of NO
Treatment of cells with oxyhemoglobin did not alter the level of NO metabolites in the culture medium, indicating that NO was not directly involved in the oxyhemoglobininduced elevation of [Ca ++ ] i under our experimental conditions. Several studies have indicated that oxyhemoglobin may have a direct effect on smooth-muscle cells that is independent of its action on endothelial cells. 29, 32, 34 However, under in vivo conditions, in which endothelium coexists with smooth-muscle cells, we cannot exclude the possibility that oxyhemoglobin inactivates NO derived from endothelial cells. Such depletion of NO may inhibit endothelium-dependent vascular relaxation and may even produce vasospasm. Therefore, the results of the present study lead us to propose that a therapeutic strategy aimed at the reduction of reactive oxygen intermediate formation and maintenance of sulfhydryl groups in the reduced state could be effective in alleviating cerebral vasospasm after SAH.
Conclusions
Oxyhemoglobin-induced transient elevation in [Ca
++
] i appears to be a consequence of inactivation of the ATPdependent Ca ++ pump in the sarcoplasmic reticulum of smooth-muscle cells. Treatment with either DTT or GSH-ME significantly inhibited the oxyhemoglobin-induced elevation in [Ca ++ ] i , indicating that oxyhemoglobinderived reactive oxygen intermediates inactivate the Ca ++ pump in the sarcoplasmic reticulum by oxidation of membrane sulfhydryl groups. Further studies are needed to elucidate the mechanism of long-lasting contraction after SAH.
